In adult tissues, multi-potent progenitor cells are some of the most primitive members of the developmental hierarchies that maintain homeostasis. That progenitors and their more mature progeny share identical genomes, suggests that fate decisions are directed by interactions with extrinsic soluble factors, ECM, and other cells, as well as physical properties of the ECM. To understand regulation of fate decisions, therefore, would require a means of understanding carefully choreographed combinatorial interactions. Here we used microenvironment protein microarrays to functionally identify combinations of cell-extrinsic mammary gland proteins and ECM molecules that imposed specific cell fates on bipotent human mammary progenitor cells. Micropatterned cell culture surfaces were fabricated to distinguish between the instructive effects of cell-cell versus cell-ECM interactions, as well as constellations of signaling molecules; and these were used in conjunction with physiologically relevant 3 dimensional human breast cultures. Both immortalized and primary human breast progenitors were analyzed. We report on the functional ability of those proteins of the mammary gland that maintain quiescence, maintain the progenitor state, and guide progenitor differentiation towards myoepithelial and luminal lineages.
Introduction
Within a given tissue, cell types with distinct functions are distributed into specific regions, suggesting that microenvironment begets cell function. The fact that tissue-specific functions are often lost in normal cells when they are explanted into culture conditions suggests that the lowest functional unit of a tissue, is a cell associated with a particular microenvironment. 1 Adult stem cells are maintained inside a specialized microenvironment called a niche, 2 whereas their mature progeny reside in surrounding microenvironments that are distinct from the niche. The ability of adult stem cells to self-maintain, as well as to give rise to differentiated progeny, reflects an ability to respond to the changing demands of their tissue. 3 It has been predicted that those demands are communicated to stem cells by the combinatorial application of cell-cell, cell-ECM, and cell-soluble factor interactions as well as by geometric and physical properties of the microenvironment [4] [5] [6] Understanding how microenvironmental milieus interact with stem and progenitor cells to impose discrete cell fate decisions is of fundamental interest.
The mammary gland is widely used as a model system to study the role of the microenvironment in cancer, morphogenesis, and lactational differentiation, 7 but little is known about the components of the extracellular milieu that orchestrate mammary stem and progenitor cell activities. Human mammary gland stem cells reside in nests within terminal ducts, and give rise to the progenitor cells, luminal epithelial, and myoepithelial cells 8 
Insight, innovation, integration
Stem cells in adult tissues reside within niches and maintain homeostasis within an organ for the life of an organism. To do so they must self-maintain and generate differentiated progeny; the decision to do one or the other is called a cell fate decision. How the microenvironment that surrounds stem cells influences cell fate decisions is poorly understood. This is because the compositions of microenvironments are complex and stem cells are extremely scarce. Dissecting a human stem cell niche, understandably, is even more difficult because of the inability to do experiments in vivo. To begin to overcome these obstacles, we utilized a new technology that enables highly parallel functional analysis of combinatorial microenvironments, image analysis of 3D organotypic cultures and micropatterned culture substrata. Here we have identified combinations of components in the human mammary microenvironment that impose distinct cell fate decisions and could putatively direct mammary progenitor cell functions in vivo.
that are required to maintain homeostasis in this dynamic, branching, and secretory organ. Using candidate-based cell culture approaches, a couple of developmental pathways have been implicated to regulate aspects of human mammary progenitor cell differentiation and self-renewal. 9, 10 However, stem and progenitor cells in vivo experience a large number of cell extrinsic interactions simultaneously, the net result of which are discrete cell fate decisions. Here we have utilized highly parallel microenvironment microarrays (MEArrayst), and 3D organotypic culture models to demonstrate that different cell fate decisions in human bipotent mammary progenitor cells are imposed by distinct combinations of microenvironment constituents. Taking a combinatorial approach, relative to candidatebased approach, allowed us to screen unique combinations of multiple known mammary gland microenvironment proteins to identify previously unrecognized activities with respect to stem cell behavior that occur as a result of those combinations. In doing so, we have identified putative functional roles for a number of molecules that are known to be expressed in human mammary gland, but heretofore had not been ascribed a role for mammary stem or progenitor cell regulation.
Results

Characterization of bipotent human mammary progenitor cells
Human mammary stem or progenitor cells that express keratin (K)14, K19, K15, SSEA4, 8 and have high levels of ALDH activity 11 give rise to the basic functional units of the mammary gland, termed terminal ductal lobular units (TDLU). 8, 12, 13 À ). In order to study many unique microenvironment-cell interactions using the same human stem/progenitor cells and circumvent problems of access to primary tissue and genetic variability as well as survival, we utilized the human mammary progenitor-derived cell line, D920. Importantly, however, our principal findings were confirmed also with primary mammary progenitor cells (discussed below). Briefly, D920s were derived when the ESA + /Muc1 À subpopulation was isolated from a normal reduction mammoplasty specimen and immortalized with HPV E6 and E7 proteins. The cells which comprise the D920 cultures are non-malignant, and contain bipotent human mammary progenitor cells that are capable of forming TDLUs in vivo in cleared fat pads of NOD/SCID mice and in 3D Matrigel cultures. 14 Here we show that the CD29 hi subpopulation of D920 ( Fig. 1A(a) ) was enriched for K14 + /K19 + cells that stochastically gave rise to differentiated LEP and MEP cells when cultured on collagen1-coated plastic (Fig. 1A(b) ). In three dimensional (3D) Matrigel cultures, CD29 hi cells were enriched also for TDLU-forming activity (Fig. 1A(c and d) ; Fig. S1w ) and self-renewal (Fig. S1w) . Hereafter they will be referred to as D920 progenitors.
Combinatorial microenvironments impose distinct cell fate decisions on bipotent progenitors
We know little of what the signals originating from combinations of the molecules comprising the breast microenvironment are, or of the discrete cell fate decisions they are translated into. To shed light on this question, we fabricated what we have coined microenvironment microarrays (MEArrayst) (Fig. 1B) by robotically printing 192 unique combinatorial microenvironments with 12 replicates each (2304 total features) composed of many of the ECM and signaling molecules that are expressed in mammary gland, but which hitherto were not associated necessarily with stem cell function. Following culture of D920 progenitors on MEArrays, the ratios of expressed LEP (K8 or K19) versus MEP (K14) protein markers were analyzed using immunofluorescence and image analysis software to determine their lineage. K19 acts as a switch keratin and is expressed in both luminal and progenitor cells, 15 + (LEP) cell fates. Each unique pair-wise combinatorial microenvironment contained a constituent that was shared in common with at least four other microenvironments. In this way, dominant components that induced a phenotype in progenitors, irrespective of other constituents, were identified based on differentiation trends that crossed multiple unique-but related-substrata. D920 progenitors which normally account for 0.5-4% of the total cells based on colony-forming, by 24 h on collagen1-alone stochastically give rise to LEP (25-57%) and MEP (40-74%) . Therefore the keratin ratios in progenitors on each unique combinatorial microenvironment were compared to ratios in D920 progenitors on collagen1-alone microenvironments.
There were no significant trends in binding to the substrata among K14 : K8 subtypes 30 min after cell adhesion (n = 3) (Fig. 1C) , indicating that for the most part progenitors were binding evenly across the different substrata and that particular constituents of a given microenvironment were not ''panning'' for a subpopulation among the progenitorenriched cells. After 24 h, however, patterns of statistically significant shifts in K14 : K8 (n = 4) (Fig. 1C 0 ) and K14 : K19 (n = 3) (Fig. 1D ) phenotypes emerged, indicating that some microenvironments induced differentiation towards a particular lineage. Patterns of changes in cell proliferation, as measured by BrdU incorporation, often correlated with the cell fate trends either positively or negatively (n = 3) (Fig. 1E) . In collagen1-alone features located randomly within the arrays, phenotypes were similar to each other, suggesting that paracrine signals were not strong cell fate effectors within this time frame. However, the activities of three individual microenvironmental components generated notable and significant trends in keratin and proliferation phenotypes: 1-laminin1, a basement membrane (BM) protein which is a crucial signaling ligand for functional differentiation in the mammary gland;
16,17 2-Jagged1, a Notch pathway ligand expressed essentially in MEP cells (by in situ hybridization), 18 and which we now show to be also present in the stem cells in vivo (Fig. 2B) ; and 3-P-cadherin, a MEP adherens junction protein. 19 That each of these proteins is expressed in the ducts proximal to putative mammary stem cells was verified in tissue sections from normal reduction mammoplasty specimens (Fig. 2) .
Laminin1 maintains progenitors in a quiescent state
Laminin1-containing gels are known to inhibit the growth of mammary epithelial cells 20 Microenvironment microarrays (MEArrays) were fabricated as described in material and methods, steps 1 and 2. D920 progenitor cells were isolated as described in Fig. 1A and cultured on MEArrays, step 3. The arrays were immuno-stained for K8/K14, K19/K14 or BrdU incorporation after 24 h, and digitized with a microarray scanner, step 4. (C-D) Results are expressed as log 2 of the K14 : K8 or K14 : K19 ratio of mean intensity (e.g. log 2 (1/1) = 0), where increases in K14 (myoepithelial-like, red) or in K8 or K19 (luminal-like, green or blue, respectively) expression on any given microenvironment are compared to the keratin ratios in cells grown on collagen I microenvironments, which serves as a control baseline. Two-color heat maps used to represent ratiometric data were modified by also including a z-axis (Àlog 10 (p)), only for those microenvironments that induced a significant (at least p o 0.05 by Dunnette's test) change in the mean keratin ratios. (E) Progenitors were treated with BrdU for the final 4 h of a 24 h incubation to determine the microenvironmental effects on cell proliferation. The percent BrdU pixels (stained with anti-BrdU) of total DNA pixels (stained with Topro3) for all of the pair-wise combinations.
The role of the Notch pathway is context-dependent in mammary progenitors
Dontu et al. showed previously that stimulation of the Notch pathway by a synthetic ''DSL-peptide'' (Delta-Serrate-LAG2 motif-containing peptide) in putative human mammary progenitors, cultured as 'mammospheres', would lead to selfrenewal. 9 This would suggest that a Notch receptor ligand in the mammary gland could function in a similar role in vivo. In the same report it was noted that DSL-peptide stimulation of mammospheres followed by culture on collagen1-plates lead to differentiation into MEP cells. 9 In another report, Notch activity was shown to be required for maintenance of LEP cells. 22 Our parallel combinatorial approach demonstrates that different cell fate decisions can be induced in a context-dependent manner by the Notch ligand, Jagged1. In combination with collagen4-rich or laminin1-rich microenvironments-including Matrigel-Jagged1
À progenitor-like phenotype with few exceptions (Fig. 1C 0 and 1D, and S2B and S2Dw); however the BrdU profiles were not different from controls suggesting that there were no additional proliferation-suppressive roles for Jagged1 under those conditions ( Fig. 1E and S2Ew). The Jagged1-induced keratin phenotype was dose-dependent ( Fig. S3w) and was blocked by g-secretase inhibitors (GSI) (Fig. S2Bw) , which prevents intracellular cleavage of activated Notch receptors. 23 When combined with collagen1, Jagged1 induced a K14
and 1D, and S2B and S2Dw). In vivo Jagged1 was expressed primarily by the MEPs, but some cells within the nests of stem and progenitors in the terminal ducts also expressed the protein (Fig. 2B ). Taken together, the functional role of Jagged1 is context-dependent ( Table 1) .
P-Cadherin imposes differentiation into the myoepithelial phenotype
One way in which cell experience their neighbors is through adherins junction proteins. P-Cadherin is thought to negatively regulate cell growth in the mammary gland; 24 however, its role with respect to stem and progenitor cells is unknown. Progenitors cultured on P-cadherin-containing substrata incorporated 50-80% less BrdU than cells on collagen1 ( Fig. 1E and S2Ew), consistent with P-cadherin's proposed role as a negative growth regulator. In addition to growth control, P-cadherin also directed differentiation towards a MEP-like cell fate when combined with any of the ECM molecules tested: it induced a dose dependent K14
À phenotype ( (Table 1) . It was previously shown that cell-ECM contact increases P-cadherin expression. 26 The combined data suggest that we have uncovered a self-reinforcing loop that maintains the MEP cell fate, in which P-cadherin engagement imposes the MEP phenotype, and cell-ECM engagement maintains P-cadherin expression.
Cell-cell contact facilitates differentiation into the luminal phenotype
Surprisingly, the predominant phenotypes induced on the MEArrays under all the conditions tested so far were MEP-or progenitor-phenotypes with almost no increases in the LEP-phenotype. We reasoned that every MEArray feature we utilized so far incorporated some form of ECM molecule to mediate cell attachment, whereas in vivo, LEPs reside essentially in a cell-cell context surrounded by MEPs and other LEPs. To determine the effect of cell-cell plus cell-ECM contacts versus only cell-ECM contacts, cell fate was measured as a function of time in progenitors that were cultured on micropatterned arrays of 1600 mm 2 square-shaped features of collagen1 at 0 (Fig. 3A ) and 24 h (Fig. 3B-H ) time points. Cell fate specification was determined using immunofluorescence and image analysis, to measure expression of K14, K8, K19 and GATA3, a transcription factor known to be required for LEP induction in rodents, 27, 28 in single cells. Micropatterns allowed cell-ECM interaction while controlling cell-cell contact. Immediately following progenitor enrichment and adhesion the progenitors shared a similar keratin phenotype (Fig. 3A) . À /K19 + LEP were observed only when cell-cell contact was permitted (Fig. S4) . To determine whether E-cadherin, an important adherens junction protein, participated in mediating the LEP phenotype, we subjected single cells with E-cadherin-conjugated beads and showed that this treatment also induced the GATA3 + K14 À /K8 + LEP phenotype (Fig. 3D, F and H) . Therefore, E-cadherin junctions between two epithelial cells could themselves be the signal that induces GATA3, allowing the LEP-phenotype to emerge (Table 1 ). Because we observed that E-cadherin is expressed not only by LEP, but also by the mammary stem cells in vivo (Fig. S2w) , we suggest that homotypic E-cadherin interactions must be counter balanced by inhibitors within the niche to prevent premature specification of the LEP cell fate.
MEArray-based predictions were validated in a 3D organotypic culture model
To elucidate whether the MEArray profiles were indicative of the activities of Jagged1 and P-cadherin in producing TDLUs, D920 progenitors were cultured in 3D Matrigel, but in the presence of the recombinant proteins. Cells with K14 and K19 phenotypes were then determined both qualitatively in 10 day cultures, and quantitatively in 24 h cultures using confocal microscopy. After 10 days progenitors in control cultures began to generate bilayered branching structures (Fig. 4A, left) , Jagged1 protein maintained a K14 + /K19 + progenitor phenotype (Fig. 4A, middle) , and P-cadherin induced K14 + /K19 À MEP phenotype (Fig. 4A, right) . Using image analysis software, we quantified changes in K14 : K19 ratios after only 24 h, a time-point chosen to approximate the MEArray experiments. In addition, the progenitors were mainly still single cells at this time, and thus were more amenable to image quantification. The image analysis tools were required to detect changes in keratin expression that were not obvious to the eye. Cells in control cultures exhibited a wide distribution of K14 : K19 phenotypes suggesting they stochastically differentiated (Fig. 4B, left) . When treated with Jagged1, the distribution shifted towards a K14 + /K19 + progenitor phenotype (Fig. 4B, middle) , and P-cadherin induced a K14 + /K19 À MEP-like phenotype (Fig. 4B, right) . Additionally, the number of progenitors that expressed the putative mammary stem cell marker, SSEA4, increased after Jagged1 treatment, and the number of cells that expressed the myoepithelial marker, a-smooth muscle actin, increased after P-cadherin treatment (Fig. S5w) . The cell fates measured after 24 h were predictive of differentiation trajectories that would be sustained for as long as 10 days in the presence of inducing molecules. Importantly, the basic trends observed on the MEArrays were reproduced also in 3D cultures.
Microenvironment-directed cell fate in finite-lifespan mammary progenitors
To ascertain that D920 progenitors can indeed recapitulate what happens in primary cultures, we isolated cells from normal reduction mammoplasty that could be and cultured them in a newly designed medium (included in Materials and methods) with little or no senescence for up to eight passages without the use of immortalizing agents. The CD29 hi subpopulation was 4-5 fold enriched for TDLU-forming activity in 3D Matrigel relative to non-CD29 enriched cultures (data not shown). From two successive passages (6 and 7) we then determined the K14 : K19 phenotypes when cultured in 3D Matrigel in the presence of recombinant ligands. Relative to the distribution of K14 : K19 phenotypes of the untreated controls (Fig. 4C, left) , addition of Jagged1 induced a K14 + /K19 + phenotype (Fig. 4C, middle) , and P-cadherin induced a K14 + /K19 À phenotype (Fig. 4C, right) . That both finite life-span and these E6/E7 immortalized human mammary progenitors responded similarly to the microenvironmental variations we exposed them to confirms our previous assertion that breast progenitor cells immortalized with E6-E7 14 remain similar to primary non-immortalized cultures for up to 30 generations and are still subject to similar controls by their microenvironment.
Multiple pathways are required for each microenvironment-imposed cell fate decision
Having determined key regulatory molecules that mediate cell fate decisions, we then concentrated on the pathways involved. To do so a number of small molecule inhibitors were added to the 3D cultures. AG1478 (EGFR inhibitor) did not antagonize the P-cadherin-induced MEP-phenotype suggesting that active EGFR signaling was not required; indeed, it has been reported for a mouse cell line that EGFR activity may impair differentiation into the MEP-phenotype. 26 PI3K acts downstream from both EGFR and integrins, and the PI3K inhibitor, LY294002, blocked the MEP-phenotype (Fig. 4B 0 ), underscoring the probable importance of integrin signaling in establishing the MEP cell fate. The Jagged1-induced phenotype was attenuated by addition of GSI, AG1478, and LY294002. Thus integrins likely play also an important role in context-dependent Notch signaling. These data also suggest that Notch pathway signaling is linked to EGFR signaling, a relationship that has been described in lower organisms during development, 29 but is not well-studied in humans. Addition of the broad spectrum matrix metalloproteinase (MMP) inhibitor, GM6001, even at 40 mm did not block the effects of either of the inducing molecules (Fig. 4B 0 ), suggesting that MMP or sheddase activities were not required for differentiation at the single cell stage. These data demonstrate that the mammary stem cell niche must simultaneously regulate at least both E-and P-cadherins, Notch, EGFR, and integrin pathways to solicit even relatively simple decisions such as cell fate even before cells became part of tissues or organs.
Discussion
An evolving view of tissue-specific stem cell regulation suggests that stem cells do not follow pre-determined programs that direct their cell fate decisions, but that microenvironments impose specific behavior upon them. [4] [5] [6] Here, we have demonstrated that human mammary progenitors indeed display considerable flexibility in cell fate decisions when they are exposed in parallel to hundreds of unique microenvironments. The results have allowed us to ascribe putative functional roles, with respect to cell fate determination and lineage maintenance, to extracellular proteins in the human mammary Fig. 3 Cell-cell contact is necessary for induction of the luminal-like phenotype. To control cell-cell contact, D920 progenitor cells were cultured on collagen I that was micropatterned into arrays of 1600 mm gland. We demonstrate that each discrete cell fate decision requires the integration of multiple pathways. These data may provide additional clues as to how the developmental hierarchy in mammary gland is governed in vivo.
The self-organizing model of tissue-specific stem cell regulation posits that stem cells reside inside a specialized microenvironment, a niche, where they give rise to daughter cells (i.e. progenitor cells), which differ primarily by their ability to leave the niche and subsequently differentiate and function according to the needs of their new microenvironment. 3, 6 For the model to be valid, progenitor cells should exhibit flexibility in their response to the requirements of the tissue, and their more mature progeny with distinctly different functional roles should reside within microenvironments that are different from the niche. Our functional findings with culture appear to be supported by localization of the relevant signaling molecules in vivo. In our functional assays, P-cadherin imposed the K14 + /K19 À /K8 À MEP phenotype ( Fig. 1 and Fig. 4) , and is expressed in the MEP layer in vivo, typically at least one cell-diameter away from the nests of K15 + stem/ progenitor cells (Fig. 2) . Laminin1, which maintained the cells in a quiescent state (Fig. 1) , is made by MEP cells 16 and in vivo it is about one cell-diameter from K15 + -containing nests (Fig. 2) . The Notch ligand, Jagged1, in our assays imposed both the MEP phenotype as well as the maintenance of the K14 + /K19 + progenitor phenotype, and did so in a contextdependent manner ( Fig. 1 and Fig. 4 ). This was also true for Jagged1, which is expressed both by the MEP as well as inside the nests of putative progenitor cells in vivo (Fig. 2) . E-Cadherin-conjugated beads facilitated differentiation of progenitors into the K8 + /K14 À LEP phenotype; however, the E-cadherin-beads were qualitatively less efficient at LEP-induction than actual cell-cell contact (Fig. 3) . Because E-cadherin was expressed also by the putative stem/progenitor cells as well by the LEP cells in vivo (Fig. 2) , we hypothesize that there are yet-to-be described constituents in the LEP cells or as the result of cell-E-cadherin contact that would tip the balance in favor of LEP differentiation. Thus, the microenvironment constituents that functionally demonstrated the greatest ability to impose quiescence, MEP or LEP phenotypes in our culture assays, were expressed in proximity of the nests of putative stem cells in vivo. Assuming that the functional phenotypes of the cells and molecules that we measured in our assays were approximations of their abilities in vivo, these experiments suggest that the self-organizing model could be applied to explain how stem and progenitor cells are directed to maintain homeostasis in human mammary gland. Approaches such as ours that combine bioengineered substrata and organotypic culture models will be crucial for dissecting components of human stem cell regulation for the reasons that, relative to mammalian model systems, humans are difficult to study and impossible to manipulate, and that mouse models will not always faithfully recapitulate human biology. [30] [31] [32] [33] Array-type approaches were used to identify molecules that differentiated human embryonic stem cells and neural progenitor cells, 34, 35 and bioengineered substrata were used to understand how physical properties of the microenvironment can affect tissue-specific stem cell differentiation. 36 Due to the complexity of microenvironments in vivo, these types of bioengineered approaches allow for combinatorial analysis of the components of the microenvironment and are useful for deconstructing basic mechanisms and functional motifs, especially for human tissues. MEArrays and similar technologies will not only be useful for identifying microenvironment components that direct stem cell differentiation, but can also identify components that are required for maintaining cell fates. Should therapeutic implications for stem cells come to fruition in cancer and regenerative medicine, comprehending the nuanced control mechanisms of human stem cells will be critical. For as we have demonstrated here, even the activities of seemingly dominant factors within a given microenvironment are ultimately the results of signals initiated from multiple points of origin.
Experimental
Cell culture D920 cells at passage 63 were cultured in H14 medium 37 on Vitrogen-coated (Cohesion) flasks for no more than 8 additional passages before starting from a fresh vial. CD29 hi D920 cells were either enriched by FACS (EPICS Elite ESP, BeckmanCoulter) or with magnetic columns (Miltenyi Biotech). Both methods yielded comparable results in the TDLU-forming assay. Due to speed and improved recovery and survival we used magnetic enrichment after the initial comparison of the two methods. D920 cells were grown to B90% confluency prior to beginning either of the sorting protocols. For FACS, D920 cultures were incubated at 10 7 cells mL À1 with anti-CD49f-PE ) and oxytocin (0.1 nM). 38 The CD29 hi subpopulation was enriched as above.
3D Matrigel assays were performed for as long as 20 days as previously described.
14 Briefly, 8-well chamber slides were coated with 50 mL of pure Matrigel (Becton Dickinson) and allowed to gel at 37 1C. 5000 cells were added in a small volume of H14 medium (or M87+ medium for the primary cells) and allowed to adhere to the coating for 2-5 min, then H14/20% Matrigel, with the appropriate amount of recombinant proteins (10 mg mL À1 for 24 h assays, and 50 mg mL À1 for 10 day assays) or pathway inhibitors, was added by dripping on top. Inhibitors used were: AG1478 80 nM (Sigma), peptidomimetic GSI 100 mM (Sigma) or GSIxx 100 nM (EMD Biosciences) (both yielded similar results), LY294002 10 nM (Calbiochem), and GM6001 40 mM (a kind gift from Dr R. Galardy, Glycomed, Alameda, CA). Based on previous studies the 40mm concentration of GM6001 was sufficient to inhibit all MMPs in addition to sheddases.
Immunofluorescence of cells inside Matrigel
Matrigel supernatants were aspirated, then fixed with methanol : acetone (1 : 1) for 30 min at À20 1C. Cells were blocked for 3-4 h in PBS-10%NGS-0.1% Triton-X-100 with gentle rocking. Primary antibodies were added and incubated overnight at 4 1C with gentle rocking, followed by 2 h of washing with many buffer changes of PBS-0.1% Triton-X-100. Secondary antibodies were then added overnight at 4 1C with gentle rocking, followed by at least 2 h of washing with PBS-0.1% Triton-X-100, and one PBS wash at 4 1C overnight. Cells were then imaged with a spinning disc confocal microscope (Carl Zeiss) with samples under PBS.
Immunofluorescence of reduction mammoplasty specimens
Cryostat sections from biopsies were fixed in methanol or formaldehyde as described previously. 8 Primary antibodies used were keratin 15 diluted 1 : 25 (LHK15, Neomarkers), E-cadherin 1 : 25 (HECD-1) and P-cadherin 1 : 5 (NCC-CAD299, kindly provided by A. Ochiai, National Cancer Center Research Institute, Tokyo, Japan), laminin a1 1 : 2 (161 EB7, 39 kindly provided by I. Virtanen, University of Helsinki, Helsinki, Finland), Jagged1 1 : 25 (Abcam). Isotype-specific goat antimouse or goat anti-rabbit antibodies (AlexaFluor 488 and À568, Molecular Probes) were used as secondary antibodies. Nuclei were counterstained with TO-PRO-3 iodide (Molecular Probes).
Expression analysis in 3D
Images from three random fields of mammary progenitor cells after 24 h of culture were captured with a spinning disc confocal microscope (Carl Zeiss). RGB images of K14 (Covance) and K19 (DSHB) expression were then analyzed with Image J software (NIH); using the elliptical selection tool and the RGB measure function, the fluorescence intensity corresponding to each protein was determined. Log 2 (K14/K19) was then determined for each cell and the output was graphically represented as a histogram with MatLab7 software (The Mathworks inc) to show the distribution of possible phenotypes.
MEArrayt fabrication and use in culture
To facilitate adsorption of proteins onto a microscope slide surface, microscope slides are spin coated with polydimethylsiloxane (PDMS, Sylgard 184) (Ellsworth Adhesives) prepared at a base : cure ratio of 10 : 1 for 1 min at 6000 rpm, then cured for at least 1 h in a 60 1C oven. Combinatorial microenvironments were prepared in 384-well plates in solutions of printing buffer (100 mM acetate, 20% glycerol, 0.05% Triton-X-100, pH5.2). The ECM molecules used were: collagen I (Cohesion), collagen IV (Sigma), laminin I (Sigma), RGD (Sigma), and Matrigel (Becton Dickinson). Recombinant purified proteins used were: rhNotch3, rhNotch1, rrJagged1, rhSHH, rhP-cadherin, and rhE-cadherin (R&D systems); KGF and TGFa (Sigma); rEpimorphin (courtesy of Dr Hidetoshi Mori). Antibodies included were: b1 integrin activating MAb (MAB1951Z, Chemicon), b1 integrin blocking MAb (MAB1965, Chemicon), a6 integrin blocking MAb (MAB1378, Chemicon), b4 integrin blocking MAb (MAB2058, Chemicon), and EGFR blocking MAb (MAB88910, Chemicon). Arrays were printed on a linear servo motor-powered microarrayer (UCSF Center for Advanced Technology) with a 16-pin silicon tip (Parallel Synthesis) printing arrays. Features were 2304 in number and spaced 250 mm apart. After printing, a plastic culture chamber was attached with silicone aquarium sealant (DAP) to encircle the arrayed portion of the slide and reduce the volume required for culture. To prevent spurious cell adhesion in the regions between printed features, the slides were blocked with Pluronics F108 (gift from BASF) for 60 min and then thrice rinsed in PBS. 1 mL of H14 media was added to the chamber, then cells were added such that the final concentration was 10 4 -10 5 cells mL
À1
. Although unincorporated PDMS monomers can affect cell physiology, 40 due to the washing and high volume we do not anticipate significant impact here. To account for differences in rates of binding to the different substrata, we allowed the enough time for cell binding that they reached a steady state, as determined by phase microscopy when 495% of features were covered with cells (10-15 per feature). Unbound cells were then washed away and the remaining adherent cells were incubated for 24 h at 37 1C, 5% CO 2 . When necessary, 100 mM peptidomimetic g-secretase inhibitor (Sigma) was added at time 0, or 2 mM BrdU was added 4 h prior to the experimental endpoint. Cells were fixed with methanol : actetone (1 : 1) at À20 1C for 15 min, blocked with PBS-10%NGS-0.1% Triton-X-100, then stained for expression of K14 (Covance), K8 (Troma I, DSHB), or K19 (Troma III, DSHB), and visualized with secondaries conjugated to Alexa-568 or Alexa-633 (Molecular Probes). Slides were scanned with an Axon 4200A microarray scanner (Axon Instruments) and the images were analyzed with Genepix Pro software (Axon Instruments).
MEArrayt analysis
For MEArrays, fluorescence information for each feature was extracted by use of the irregular feature definition tool in Genepix; fluorescence was normalized to collagen I alone features. To assess the effect of microenvironments on differentiation, log 2 of the ratio of mean (LRM) fluorescence intensities of K8 (633 nm) and K14 (568 nm), or of K19 (633 nm) and K14 (568 nm) was determined. Cells on features with LRM values greater than 0 indicated more K14 expression and could be considered more MEP-like than for cells cultured on collagen I alone. Cells on features with LRM values less than 0 indicated more K8 or K19 expression, and were considered to be more LEP-like than for cells cultured on collagen I alone. To assess the effect of microenvironments on DNA synthesis, total BrdU (568 nm) pixels per feature were divided by total DNA (633 nm, Topro3, Molecular Probes) pixels and the mean BrdU incorporation was determined for each microenvironment combination. Graphic output as 3D color maps was generated with MatLab 7 software (The Mathworks Inc).
Statistical methods
Each MEArray incorporates control microenvironments, which can be defined as a microenvironment that is either known to induce a certain phenotype or that is known not to induce any particular phenotype. Each unique microenvironment is represented in a MEArray by at least 12 replicates. Microenvironments that impose phenotypes statistically different from the control features were detected by associating a p value to the control paired with each unique microenvironment by Dunnette's T-test. Variance of the means is confirmed by ANOVA. p o 0.05 is considered significantly different. Statistically significant differences between distributions of lineage marker ratios or GATA3 expression in the single cell image analyses were detected by associating a p value by comparison of the distributions using Mann-Whitney tests, where significance is p o 0.05.
Micropatterning experiments
Micropatterned substrata were made according to Tan et al. 41 Briefly, PDMS stamps were formed by curing prepolymer with base : cure ratio of 10 : 1 against a prepatterned master. The stamps were peeled away and coated with 100 mg mL À1 collagen I (Koken), then washed in water, and blown dry with compressed nitrogen. Culture chambers were attached to PDMS-coated microscope slides, which were then UV oxidized for 7 min (UVO-Cleaner 42, Jelight Co.), stamped with collagen I, blocked with Pluronic F108 for 1 h, and rinsed with H14 medium. Cells were allowed to bind for 15-60 min, depending on desired outcome, before washing away the unattached cells. BSA 250 mg mL À1 (Sigma), Collagen1 250 mg mL À1 (Koken), or rhE-cadherin 250 mg mL À1 (R&D Systems) was conjugated to 41.0 mm silicone polybeads (Polysciences), conjugated beads were added to the 400 mm 2 patterns immediately after cell adhesion. For analysis, cells were fixed with methanol : acetone (1 : 1) at À20 1C for 15 min, blocked with PBS-10%NGS-0.1% Triton-X-100-0.5% l-carrageenan for 2 h, then in a buffer composed of PBS-10%NGS-0.1% Triton-X-100 cells were stained for expression of K14 (Covance), K8 (DSHB), K19 (DSHB) and GATA3 (BD); visualized with secondaries conjugated to Alexa-633, Alexa-568 or Alexa-488 (Molecular Probes). Following image acquisition with a spinning disc confocal microscope (Carl Zeiss), Image J software (NIH) was used to outline single cells, classified as either cells alone on a feature or as single cells juxtaposed to other cells, and then measure the fluorescence intensity from all channels with the RGB measure tool. The output was graphed as FACS-like plots or as histograms using MatLab 7 software (The Mathworks inc).
Conclusion
In principle, one stem cell can give rise to an entire organ through a hierarchical series of differentiation. Tissue-specific stem cells are thought self-renew and also to give rise to the differentiated cell types that comprise a given tissue. However, relatively little is known about how such multipotent cells acquire specific cell fates. One explanation is that the stem and progenitor cells intrinsically ''know'' which cell fate to acquire based on a stochastic mechanism. A second explanation is that stem and progenitor cell behavior is instructed by their microenvironments. That stem cells and all of their progeny share identical genomes, and that stem cells reside inside of microenvironments that are completely unique as compared to those of the surrounding tissue, suggests that microenvironments exert a tremendous influence over stem cell behavior. Stem cells must be able to respond to a wide variety of physiological needs in order to maintain tissue homeostasis throughout an organism's lifetime, and on the basis of mathematical modeling it was proposed that stem cells are instructed to respond by cell-extrinsic cues. 6 We show here that cell fate decisions by human mammary progenitor cells are quite plastic when viewed in the context of hundreds of unique microenvironments in parallel. At a minimum, these data suggest that progenitor cell fate decisions are dictated by cell-extrinsic cues, or more likely, that a dynamic and reciprocal relationship exists between stem cell genomes and their microenvironments, whereby microenvironmental constituents elicit particular stem cell functions that are partly explained by the fidelity of the genome. 
